arly atherosclerotic lesions are characterized by an abnormal accumulation of lipoproteins within the intima in large arteries. [1] [2] [3] This abnormal accumulation increases the residence time of low-density lipoprotein (LDL) in the intima, ultimately leading to oxidation of the LDL particles and inflammation. Despite the importance of the initial increase in LDL in the arterial intima, the critical mechanisms involved in early-stage atherosclerosis, or atherogenesis, are not fully understood.
Two distinct tissue layers line the arterial intima, the site of early lipid accumulation: the endothelial cell (EC) layer on the luminal side and the internal elastic layer on its abluminal side. Much literature has focused on the EC layer as a barrier to macromolecular entry; however, recent studies have suggested that internal elastic lamina (IEL) permeability is not static and could contribute to pathological changes in the artery wall. 4 -7 We have used horseradish peroxidase (HRP) (44 kDa) as a traceable macromolecule because it has intrinsic peroxidase activity, allowing its concentration in arterial tissue to be quantified, 8 -12 and because its size is on the same order of magnitude with growth factors of interest. In prior studies, we have analyzed the arterial-wall transport of HRP in a model consisting of a spatially lumped intima (compartment) and a spatially distributed media. 13 Using this approach, we have demonstrated dynamic changes in IEL permeability during endotoxemia that may contribute to vascular permeability during sepsis. 10, 13 Because abnormal macromolecular accumulation in the intima could be secondary to either increased EC permeability or decreased permeability of the IEL, these observations led us to hypothesize that IEL remodeling could precede atherogenesis. In this study, we quantified the EC and IEL permeability of the macromolecular tracer in thoracic and abdominal aorta separately as a function of age in C57BL/6 (wild-type [WT] ) and apolipoprotein E (apoE)-null mice to determine whether IEL remodeling precedes the atherogenic process.
Materials and Methods

Animal Preparation
The Animal Research Committee approved all animal protocols, and all animals were housed in the Association for Accreditation of Laboratory Animal Care animal facility of Cleveland Clinic Foundation. The WT normal (3-month [nϭ10] and 5-month old [nϭ11]) and apoE-null mice (3-month [nϭ8] and 5-month old [nϭ10]) were anesthetized with 1 mL of ketamine-HCl (100 mg/mL), 1.5 mL of saline, and 0.3 mL of xylazine (20 mg/mL) and injected for 15 minutes or 30 minutes with 0.1 mL HRP (10 mg/mL) via a jugular vein, cannulated with PE-10 tubing, to make a total 1 mg/mL HRP in the plasma. Numbers of tissue profiles (n s ) of WT normal mice were n s ϭ86 (3-month abdominal), n s ϭ99 (3-month thoracic), n s ϭ100 (5-month abdominal), and n s ϭ101 (5-month thoracic aorta). Numbers of tissue profiles of apoE-null mice were n s ϭ50 (3-month abdominal), n s ϭ79 (3-month thoracic), n s ϭ74 (5-month abdominal), n s ϭ90 (5-month thoracic aorta), n s ϭ49 (lesser curvature), and n s ϭ41 (greater curvature of aortic arch).
Quantifying HRP Concentration in Plasma and Tissue
Representative tissue images of apoE-null mice are shown in 3-month abdominal ( Figure 1A ), 3-month thoracic ( Figure 1B) , 5-month abdominal ( Figure 1C ), and 5-month thoracic aorta ( Figure  1D ). HRP concentration profiles we obtained in WT and apoE-null mice (Jackson Laboratories, Bar Harbor, Me) 15 and 30 minutes after HRP injection using previously published methods. 8, 11 Briefly, animals were anesthetized and injected with HRP (50 mg/mL) via the jugular vein. Blood samples collected as a function of time after HRP injection were obtained by cardiac puncture. The HRP concentration in plasma was determined by measuring the colored reaction product of o-dianisidine and H 2 O 2 as a substrate for peroxidase reaction. 14 The HRP concentration profiles across tissue were obtained as described by Penn et al. 9 Following HRP circulation, PBS was injected into left ventricle followed by perfusion of 10 mL of 2.5% ice-cold glutaraldehyde via a left ventricle. After 5 minutes, the aorta was removed and put into 2.5% ice-cold glutaraldehyde during 4 hours, followed by washing with PBS and water for 30 minutes in each solution. Tissue samples were reacted with 3,3Ј-diaminobenzidine and H 2 O 2 in imidazole buffer (0.1 N, pH 7.6) for 30 minutes. The tissue was washed with PBS and serially dehydrated with graded ethanol solutions up to 95%, embedded with paraffin, and serially sectioned 5 m using rotary microtome.
Plasma cholesterol concentration levels were measured using infinity Cholesterol Reagent with Cholesterol standard solutions from Sigma.
Data Acquisition and Image Processing
To determine HRP equilibrium distribution coefficients in the tissue, 8 to 10 cylindrical rings sectioned from fresh aorta from 2 WT mice and 2 apoE-null mice were prepared. The tissue was incubated with HRP at defined concentrations containing albumin (4g/100 mL) in PBS in a slow-shaking plate for 24 hours before fixation with 2.5% glutaraldehyde. HRP reaction product was quantified by relative gray scale with the background image subtracted. This processing was accomplished using an imaging technique with a high spatial resolution and implemented by MATLAB (MathWorks, Inc). Experimental tissue HRP concentrations were calculated from standardized calibration between bulk HRP concentration and relative gray scale.
We quantified IEL permeability in the aorta with lesser and greater curvature in lesion-free areas of 5-month-old apoE-null mice. To recognize specific sites of the lesser and greater curvature, 11 o'clock position of aortic arches were cut during paraffin-embedding process. These cuts determine the 6 or 12 o'clock positions: the 12 o'clock position has greater curvature and 6 o'clock position as lesser curvature as shown in Figure 6 . Separate site-specific examination was performed.
The thicknesses of IEL (⌬ IEL ) and media were measured with microruler adjusted with the same magnification as the tissue sample. From the calibration curve, HRP concentration (milligrams per bulk fluid) in tissue space was calculated relative to free fluid space in the interstitium based on a standard volume fraction. 
Mathematical Model and Parameter Estimation
A dynamic mass balance model of the HRP concentration distribution in the arterial wall was applied to analyze the experimental data. 10 -12 In this model, HRP concentration is spatially lumped in the intima and spatially distributed in the media (Appendix). The input to this model is the plasma concentration that decreases exponentially. Figure 2 represents schematic diagram for this lumpeddistributed model, which incorporates the following parameters: K E is the transport coefficient across the endothelium; P IEL , the permeability coefficient of the IEL; ⌬ IEL , the thickness of the IEL; D M , the diffusion coefficient in the media; P A , the permeability coefficient between the adventitia and media; K DM , the degradation rate coefficient in the media. The unknown parameters estimated simultaneously were K E , P IEL , D M , and K DM . The parameter estimates were obtained by a 2-step process. First, all unknown parameters, K E , P IEL , D M , K DM , and P A , were estimated. Then, fixing the P A , we estimated K E , P IEL , D M , and K DM for better precision and accuracy. The thicknesses of IEL (⌬ IEL ) and media were determined by direct measurement and are shown in the Table. These values were used for numerical analysis and parameter estimation. The parameters determining the plasma HRP concentration are the initial concentration C p0 and time constant t 0 . The model equations were solved numerically as previously described. 15, 16 Optimal estimates of the parameters were obtained by minimizing the least-squares difference be- Figure 2 . Schematic diagram of lumped-distributed model. The intima is assumed to be a well-mixed compartment, and HRP concentration in the intima varies only as a just function of time. HRP concentration in the media region changes with time and space in the radial direction (x) starting from IEL to adventitia. C indicates concentration; D, diffusion coefficient; K, transport coefficient; P, permeability coefficient; subscript p , plasma; E , endothelium; I , intima; M , media; A , adventitia; DM , degradation in media.
Thickness of IEL and Media in Lesion-Free Areas
WT Mice
ApoE-Null Mice These measured values were used in model simulation and parameter estimation.
tween experimental and corresponding model-predicted concentrations using an adaptive, nonlinear optimization algorithm, NL2SOL. 17
Statistical Analysis
Statistically significant differences in parameter values between groups was determined by the 2-tail t test, assuming that all the measured concentration profiles were independent. The null hypothesis is that the means of the parameter values of any 2 groups are not statically different. All data in the text and figure are presented as meanϮSD. 
Results
Plasma Cholesterol and HRP Concentrations
Tissue Concentration Profiles with Optimal Estimates of Model Parameter
The experimental HRP concentrations for both circulation times (15 or 30 minutes) compared with the model-predicted HRP concentrations with optimal parameter estimates are shown for each of the 8 groups (Figure 3 , WT; Figure 4 , apoE-null). On the vertical axes, the relative concentration is the HRP concentration in tissue normalized by its initial value C p0 . The first data point of horizontal axis in these figure represents the intimal HRP concentration.
For the 8 groups, the optimal estimated values of the endothelial transport coefficient (K E ) and IEL permeability (P IEL ) are shown in Figure 5A for WT and Figure 5B for apoE-null mice. The increased intimal concentration in the apoE-null mice could be explained by an increase in HRP entry (increase in K E ), a decrease in HRP exit (decrease in P IEL ), or a combination of both. In WT mice, K E for the control group did not differ significantly with age or anatomical location: 3-months (thoracic aorta: 0.12Ϯ0.05 minutes Ϫ1 ; abdominal aorta: 0.09Ϯ0.02 minutes Ϫ1 ); 5 months (thoracic aorta: 0.11Ϯ0.03 minutes Ϫ1 ; abdominal aorta: 0.09Ϯ0.03 minutes Ϫ1 ). K E was actually less in the apoE-null mice compared with WT (PϽ0.05). K E in the thoracic aorta in the apoE-null mice was less compared with abdominal aorta, especially in 3 and 5 months of thoracic aorta (PϽ0.05). This finding postulates that K E would be working as barriers for back flow, intima to lumen, of macromolecular transport as a function of age.
No site-specific or age-specific change is evident in IEL permeability in the WT mice. A 78% decrease in P IEL (2.05Ϯ1.33 to 0.44Ϯ0.15; PϽ0.001) occurred between 3 and 5 months in the apoE-null groups in the thoracic aorta. Also, a 19% decrease in P IEL (1.13Ϯ0.58 to 0.93Ϯ0.44; PϽ0.05) occurred between 3 and 5 months in the abdominal aorta.
Site-Specific Remodeling in Aortic Arch
An increased incidence of atherosclerosis occurred in the lesser curvature of aortic arch of apoE-null mice. Optimal parameter estimates K E and P IEL are shown for each sitespecific aortic arch from lesion-free areas of 5-month-old apoE-null mice ( Figure 6 ). The endothelial transport coefficient (K E ) was not significantly different between the groups with greater or lesser curvature (0.09Ϯ0.03 and 0.08Ϯ0.02 minutes Ϫ1 , respectively; PϾ0.05). With the lesser curvature, , nϭ10) . B, Three-month thoracic aorta in WT normal (n s ϭ99, nϭ10). C, Five-month abdominal aorta in WT normal (n s ϭ100, nϭ11). D, Five-monthold thoracic aorta in WT normal (n s ϭ101, nϭ11). n s indicates the number of tissue samples; n, number of animals. Lines represent the least-squares best fit of the model to the data.
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the IEL permeability coefficient (P IEL ) decreased by 59% (0.68Ϯ0.38 and 0.28Ϯ0.07 m/min for the greater and lesser curvature, respectively; PϽ0.001).
Discussion
A great deal of literature has focused on the role that EC injury may play in the accumulation of plasm-borne macromolecules in the arterial intima. 12,18 -21 However, recent studies indicate that remodeling the extacellular matrix of the arterial wall plays a role in atherogenesis. [22] [23] [24] [25] Human atherosclerotic lesions have been shown to contain increased levels of the elastase enzymes, cathepsin S, K, and L, 24 as well as a number of matrix metalloproteases. 26 Coincident with the increase in elastase expression, there is a decrease in the expression of the endogenous inhibitors for elastases, cystatin C, 24 and matrix metalloproteinases, tissue inhibitors of metalloproteases. 27 Further emphasizing the role of extracellular remodeling in the atherosclerotic process through the upregulation of protease activity, the cathepsin S/LDLreceptor double-null mouse exhibits less atherosclerosis than the LDL-receptor-null mouse. 28 In contrast, overexpression 29 and underexpression 30 of tissue inhibitor of metalloprotease-1 in apoE-null mouse results in decreased atherogenesis, suggesting that the effects of protease activation on atherogenesis may be distinct from lesion progression. Based on these observations, we hypothesize that remodeling of the endothelium or IEL could have a significant role in the accumulation of plasma-borne macromolecules in the intima before atherosclerotic lesion development. To test whether endothelial or IEL remodeling preceded lesion development in apoE-null mice, we systematically quantified endothelial and IEL permeabilities in the aorta at key anatomical locations without evidence of lesion formation in WT and apoE-null mice at 3 and 5 months of age. An advantage of the apoE-null mouse model is that its predilection for atherosclerotic lesion development has been well defined at the anatomical sites of the aorta in this study. 31, 32 The aorta with lesser curvature exhibits more atherosclerosis than the aorta with greater curvature. [33] [34] [35] The rate and extent of lesion development is less with distance from the thoracic aorta to the abdominal aorta. 31 Corresponding to the extent and timing of atherogenesis at each of these sites in apoE-null mice between 3 and 5 months of age, decreases in IEL permeability, as indicated by P IEL , were observed. No changes in endothelial (K E ) or IEL (P IEL ) permeability were observed in WT mice. Unexpectedly, K E in the 5-month thoracic aorta of the apoE-null mice was less than K E at 3 months in the apoE-null and any time point in the wild-type mice. This means that an increase in the concentration of plasma-borne macromolecules cannot be caused by transport across the EC layer.
In our previous studies, estimates of transport parameters that governed macromolecular movement in the artery wall were based on concentration profiles after a single circulation time. However, in this study, we obtained concentration profiles after 15-and 30-minute circulation times. Consequently, our mathematical model could distinguish degradation (or binding) processes for the intima and media. The model output fit all the concentration data when degradation occurred only in the media (see the online data supplement available at http://circres.ahajournals.org). That degradation in the intima is not consistent with the data suggests that the increased accumulation of HRP in the intima is not attributable to increased HRP degradation (or binding). Rather, the increased accumulation is a true reflection of a decrease in the ability of HRP in a free fluid space to exit the intima because of a decrease in the permeability of the IEL. n s ϭ50, nϭ8) . B, Three-month thoracic aorta in apoE-null (n s ϭ79, nϭ8). C, Five-month abdominal aorta in apoEnull (n s ϭ74, nϭ10). D, Five-month thoracic aorta in apoE-null (n s ϭ90, nϭ10). n s indicates the number of tissue samples; n, number of animals. Lines represent the least-squares best fit of the model to the data.
We did not find a change in the IEL thickness (⌬ IEL ) at either ages or different anatomical regions (Table) . However, a lack of significant change in the thickness of the IEL does not rule out IEL remodeling. Potential remodeling that could occur in the apoE-null mice includes increased collagen fibrils covering the fenestrae of the elastic lamina and/or remodeling of the elastic layers such that the total area of fenestrae is decreased.
To further elucidate the importance of remodeling of the IEL in atherogenesis, we compared endothelial and IEL permeability in the greater and lesser curvature of the aorta in apoE-null mice. The lesser curvature of the aorta exhibits greater atherosclerosis than the greater curvature, 33, 35 presumably because of the increased expression of the vascular cell adhesion molecule on the surface of the endothelium covering the lesser curvature.
This study provides evidence that the early increase in macromolecular accumulation in the arterial intima in response to hyperlipidemia may be associated with pathological remodeling of the IEL that precedes alteration in EC function. It is important to note that our conclusions are limited by the validity of the mathematical model to which we fit our data and from which we obtained our permeability coefficients for the endothelium and IEL. That said, our data would suggest that an intricate interplay may occur between the anatomical layers of the artery wall in the setting of hyperlipidemia. We hypothesize that (1) the smooth muscle cells or fibroblasts in the tunica media or the endothelium may initiate remodeling of the IEL because of modulation of protease expression in these cells by LDL, 36 (2) the remodeling leads to a decrease in IEL permeability, (3) the decrease in IEL permeability leads to an increase in the residence of time of LDL in the intima, 37 (4) the increase in the residence time of LDL in the intima increases the probability of LDL oxidation occurring, 38, 39 and (5) the presence of oxidized LDL in the intima causes vascular cell adhesion molecule expression in the overlying endothelium. 40 Clearly this hypothesis, as well as the transport processes that regulate macromolecular movement into and across the artery wall, warrants further study.
Appendix
The macromolecular concentration in the intima changes with time based on transport processes across two boundaries: the EC layer and IEL:
where K E is the EC transport coefficient and P IEL is the IEL permeability coefficient. The input plasma concentration decreases exponentially:
In the media, partial differential governing equation was implemented, considering only diffusion effect but not convection effect. Usually the convection in the media region is negligible because pressure driven effects are blocked by internal elastic laminar barrier. 11 (nϭ10) were used. Lesser and greater curvature tissue was sampled; n s ϭ49 for the lesser curvature and n s ϭ41 for greater curvature. n s indicates the number of tissue samples; n, the number of animals. *Significant differences P IEL of lesser curvature compared with greater curvature in aortic arch (PϽ0.001).
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where D M is the tracer diffusion coefficient and the degradation coefficient in the media is K DM . The boundary conditions for media region were implemented with balancing macromolecule transport through IEL and adventitia. xϭ0:
where the permeability P IEL of the IEL to tracer is related to IEL thickness ⌬ IEL as P IEL ϭK IEL⌬IEL . At the boundary between the adventitia and the media, the diffusion flux from the former must equal that of the latter so that xϭL:
where P A is the effective permeability coefficient between adventitia and media. Initially (tϭ0), all concentrations in the intima and media are 0.
Online supplement
Whether HRP degradation is negligible in the intima was tested by comparing model simulations of HRP intimal concentrations with and without degradation with experimental data.
In general, HRP could be involved with fast-reacting reversible binding or with irreversible binding. With either reaction, the HRP may exist as free concentration, which changes according to 
Adding Eqs. (1) and (2) and substituting Eq. (3) yields
For an irreversible reaction, R = -k B C I F , Eqs. (1) and (2) become 
